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A photon sieve with 10 7 holes has been constructed for operation at optical wavelengths. Details of the design, fabrication, and performance of this device are presented. The 1 m focal-length, 0.1 m diameter element is diffraction limited over a significant bandwidth and has a moderate field of view. © Diffractive optics offer an appealing solution for the construction of next-generation, ultralarge ͑Ͼ20 m͒ space telescope primaries. [1] [2] [3] A flat element can be simply packaged and deployed without many of the problems associated with creating a diffractionlimited, three-dimensional mirror surface. The diffractive element considered in this case is a photon sieve, [4] [5] [6] [7] [8] which is based on a traditional Fresnel zone plate (FZP). [9] [10] [11] [12] Unlike a FZP, the photon sieve has no connected regions, thus permitting the fabrication of a single surface without any supporting struts required. Furthermore, apodization is easily incorporated into a photon sieve simply by modifying the number of holes per zone.
A photon sieve is essentially a FZP in which the rings have been broken up into isolated circular holes. For an infinite conjugate, binary FZP of focal length f at wavelength , the radial distance to the center of the nth bright zone is given by r n :
The width ͑w͒ of each zone is such that the area is a constant f, so
In its simplest version, the photon sieve consists of holes of diameter w located at a corresponding radial distance r n . The holes can be distributed regularly or randomly in angle about the zone. Since the Rayleigh angular resolution of this sieve will be directly proportional to the smallest hole (largest r n ), we would typically want w to be minimized. The constraints on the design then become a combination of the smallest feature that can be printed and the diffractive losses in throughput. Kipp et al. 4 have shown that the size of the holes can be increased beyond the underlying zone width to permit the construction of a large optic with holes of a reasonable size. The effective contribution from an enlarged hole size ͑d͒ is given by the oscillating function
where J 1 is a first-order Bessel function. When F Ͼ 0, light passing through the holes is making a positive contribution to the focused light, and when F Ͻ 0 the transmitted light is acting to reduce the focused intensity. More simply, we can understand this in terms of the area of the holes compared to the underlying bright zone. [4] [5] [6] [7] [8] Increasing the hole size relative to the underlying bright zone (by a factor d / w) will continue to give a positive contribution to the focus so long as the overlap with the underlying bright zone is greater than the overlap with any region of the dark zone. F increases from zero to a maximum (optimum value) at d / w = 1.53 and then decreases to zero at d / w = 2.44. The oscillating nature of the function is such that larger ratios of d / w are possible but are the result of less-efficient, higher-order diffraction and thus are ignored here. The increase in hole diameters provided by this theory greatly reduces the design constraints on fabricating such a device.
A photon sieve was designed with a focal length of 1.0 m and a diameter of 0.1 m to operate at a wavelength of 532 nm. The angular positions of 10,035,344 holes on 2349 rings ͑n = 2 -2350͒ were generated randomly and such that they did not overlap. The resolution of the fabrication process was 0.1 m, so it was decided that a minimum acceptable diameter for the holes would be set at 10 m to give the best registration and hole sharpness. This limitation meant that the hole diameters were set at 1.53 times the underlying zone width until the zones became smaller than 6.54 m (at roughly 80% of the way to the edge). From that point outward the hole diameters were kept at a constant 10 m to the edge of the photon sieve. Since the outer zone has a width of 5.32 m, the maximum d / w factor is 1.88, which is still comfortably below the limit of 2.44. Figure 1(a) shows an image of the central 20 mm diameter of the photon sieve, with rings of order n = 2 -100. The largest holes (n = 2, in the center ring) are 279 m in diameter.
The size and positional data for the holes were converted into an image file format, which was then used as a basis for the fabrication. Electron-beam lithographic process was used to produce the photon sieve on a chrome-coated, 125 mm square, 2.4 mm thick quartz plate. A frequency-doubled Nd:YAG laser ͑ = 532 nm͒ was spatially filtered and directed onto a high-quality achromat lens to create a diffractionlimited collimated beam. An image of the photon sieve as lit by this beam is shown in Fig. 1(b) . As expected, the photon sieve focused the collimated light onto a focal spot 1 m away. The ratio of the total power in the focal spot to that incident upon the photon sieve was 0.35%. The performance of the photon sieve was then evaluated in several ways, by focusing, imaging, and interferometry.
The diameter of the central maximum of the focal spot was 13.7± 0.5 m, compared to the expected diffraction-limited spot size of 13.0 m. Images were then obtained at regular intervals on either side of the focus [ Fig. 2(a) ]. The symmetry of their appearance (in a so-called star test) indicates a negligible amount of spherical aberration or astigmatism. Next, the photon sieve was tilted to assess the off-axis focusing performance. Figure 2(b) shows the focal spots for 0°, 0.25°, and 0.5°off-axis angles. Modeling with optical design software shows that the diffractionlimited field of view is expected to be 0.5°.
The focused light from the photon sieve was recollimated with a high-quality achromat and made to interfere with a diffraction-limited reference beam. Figure 3(a) shows the interferogram imaged back to the surface of the photon sieve ͑ = 532 nm͒. An analysis of the interferogram gave a wavefront error of 0.21 peak to valley, 0.04 rms, and a Strehl ratio of 0.94. A second interferogram was made, this time with light from a green helium-neon laser at a wavelength of 543.4 nm [ Fig. 3(b) ]. The resultant wavefront aberration was calculated to be 0.25 peak to valley and 0.05 rms and to have a Strehl ratio of 0.9. These values are significant, as they indicate a diffraction-limited operation over a useful bandwidth. It should also be noted that the actual performance of the photon sieve will be much better than these interferograms suggest, as they include the wavefront errors of three lenses, one mirror, and a beam splitter. The spatial filter used for illuminating the collimator was replaced with a 1951 U.S. Air Force resolution test target illuminated by laser light passed through a rotating diffuser to remove speckle. The image of the target produced by the photon sieve at 532 nm is shown in Fig. 4 . In this image, group 7, element 2 is resolved as would be expected from a diffraction-limited lens of diameter 0.1 m and focal length 1 m. In fact, images taken by using both green and red helium-neon wavelengths (543.4 and 632.9 nm, respectively) also demonstrated that diffraction-limited imaging is possible over a large bandwidth.
In conclusion, these experiments demonstrate the feasibility of using a photon sieve as the primary element in an optical telescope. A 0.1 m diameter, 1 m focal-length photon sieve was fabricated with 10 7 holes ranging in size from 10 to 279 m. The performance of the photon sieve was evaluated in several ways, indicating diffraction-limited focusing. Future experiments will be aimed at developing methods for reducing the dispersive effects for broadband imaging as well as toward fabricating a membrane version suitable for deployment in space.
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